Studying the compaction behavior of common brittle porous materials such as sandstone presents experimental difficulties due to the large pressures and timescales over which compaction occurs [1, 2] ; i.e., up to millions of years. These issues inspired the choice of puffed rice cereal as an analogous material for compression testing [3, 4] . Indeed, cereal grains are highly porous, brittle, and compliant, and their compaction behavior can be studied on a small scale within a small time-frame, suitable for laboratory experiments (Fig. 1a) . Initial experiments revealed unexpected and surprising results, i.e., oscillatory compaction: a compaction band propagates periodically, opposite to the direction of loading, and faster than the imposed shortening rate [3] . Inspired by model simulations, later experiments disclosed a variety of other compaction patterns, such as erratic and diffuse [4] . These discoveries have opened a new field of research into 'crunchy matter' [5] , i.e., porous, brittle media, composed predominantly of voids. Since then, similar compaction patterns have been witnessed in snow [6] .
Bifurcated deformations in solid media are common: from dislocations of impurities in alloys, to non-uniformly propagating fractures in fibrous and brittle media, to stick-slip motions in crust faults. The manifestation of these processes has long been associated with strainrate softening, where the observed bulk stress increases with decreasing strain-rate. A typical example is the Portevin -Le ChâtelierChatelier (PLC, [7] ) effect in metal alloys, which has been linked to dynamical aging of dislocations with impurity atoms [8] [9] [10] [11] [12] [13] [14] . The PLC effect is commonly explained through the use of continuum constitutive models that incorporate phenomenological strain-rate softening at low rates followed by hardening at high rates. Quite similarly, bifurcated stick-slip motions in fault gouges have been described through socalled 'rate and state friction' phenomenological models [15] [16] [17] [18] [19] , and oscillatory, transient, and chaotic bifurcated motions associated with fractures in polymeric and amorphous brittle materials have been explained using a velocity-stress relationship (at the fracture tip) that also obeys a velocity-softening law [20] .
We question whether strain-rate softening, as has been observed experimentally at the bulk sample scale in snow [6, 21, 22] , is a necessary condition for obtaining dynamic instability patterns in brittle porous media. To address this point, we seek a model that can capture strain-rate softening as an emergent phenomenon from microstructural properties. Towards these aims we present new experiments on puffed rice cereal and simulations with a spring-lattice model [4] , both revealing pronounced strain-rate softening along with bifurcated patterns.
The stress response of brittle porous media is highly sensitive to the imposed compaction velocity V , as shown in Fig. 1b [23] , where each curve denotes the stress sustained (right ordinate) during uniaxial shortening of a pack of cereal grains housed inside a cylindrical acrylic die with diameter about 35 times larger than a single grain (Fig. 1a) . pack under low static stress. M = 15 MPa was calculated via p-wave propagation velocity measurements using piezoelectric sensors placed on opposite ends of the pack. All curves show serrations overlaid over otherwise strain-hardening trends; such being remarkably similar for all tests, despite the difference in V . The serration amplitudes, i.e., stress drops, however, decrease with increasing V , much like PLC serrations [9] [10] [11] 13] . The curves for V ≤ 0.13 mm.s −1 show stress drops that "fall off" the trend, with fluctuations that seldom rise diminutively above the trend. These serrations are reminiscent of type C PLC serrations [24] [25] [26] , which are produced by the nucleation of static localized deformation bands. In contrast, curves between V = 1.3 and 10 mm.s −1 exhibit (i) a pronounced periodicity of large serrations, (ii) many small serrations between large ones, and (iii) stresses that fluctuate around the general trend. These serrations are similar to type A and type B PLC serrations, which emerge due to different PLC kinetics, yet are similar in that both are associated with the propagation of localized deformation bands [26] . Our tests with V ≥ 80 mm.s
render very small stress drops; largely indiscernible when compared to those for V < 80 mm.s −1 and not readily comparable to any of the PLC serration types.
Similarities in the serrations exhibited by brittle matter and alloys prompted us to examine if the macroscopic stress supported by crunchy matter during compaction is strain-rate sensitive. Overlaying the stress curves in Fig 1b led to difficulties in unraveling strain rate sensitivity features because the stress level at a given strain depends strongly on the initial conditions of the pack, namely the pack density and the strength and stiffness of the grains, which inevitably vary between samples. We solved this caveat by conducting variable velocity tests: we compressed each specimen in four sequential stages, each stage with a different V . The results of two variable velocity tests are shown in constant high-velocity test. Note that each of these packs exhibits significant strain rate sensitivity, as evidenced by hardening upon a decrease in strain rate, and softening upon an increase in strain rate. We quantified the strain rate sensitivity by averaging the stresses measured over selected strain ranges, for each experiment, and comparing them in Fig. 2b . We note that the stress measured for any given V is remarkably similar across experiments, regardless of the loading sequence, for a given strain range. We also note that at high strain rates, strain hardening behavior is recovered; in this case, the piston compresses the pack faster than the speed with which the grains break.
The serrations shown in Figs gathered frames, as follows [3] . The full velocity field is first extracted by correlating consecutive images at time t, and the velocity v measured for locations at the same height z are averaged given the system's radial symmetry, which also leads to velocities that are only vertical. Finally, the field v(z, t) is plotted as a colormap as in Figs. 2c-d .
Spatiotemporal maps associated with a variable velocity test (black curve in Fig. 2a) , and the V = 300 mm.s −1 test (dashed curve in Fig. 2a) are shown in Fig. 2c and 2d , respectively. Fig. 2c reveals that the compaction pattern transitions in accordance to the strain rate: localized compaction band propagation occurs at medium rates (e.g., V = 1 mm/s for 0.1 < 0.2 and 0.3 < < 0.4), and traces of erratic compaction are observed when the rate is low (e.g., V = 0.01 mm/s for > 0.4). At the high rate, the edges of the compaction bands are more diffuse (0.2 < < 0.3). The map of the constant rate test reveals the diffused pattern of compaction that manifests as the material compacts quasi-homogeneously. These patterns are consistent with our previous observations [4] .
The variability in the packing and material properties of puffed rice results in limited reliability to quantitatively assess the strain-rate softening properties of the material. Indeed, although experiments conducted with a given velocity display similar compaction patterns, the variability of the measured stress for experiments with the same V is of the same order as that of the change in stress when the velocity is modified. The implementation of continuous compression at a very slow velocity -so as to explore a quasi-static response -was also experimentally difficult with our loading system. For these reasons, we performed simulations with a two-dimensional lattice model of crushable springs, which was proven highly applicable to brittle porous media [4] (Fig. 3a) . In this model, each node of mass m in a square lattice is linked to its eight neighbors by springs that are able to break when the force in the spring reaches a threshold force F br . The lowest lattice nodes are fixed, the uppermost nodes move at constant velocity V , and the side nodes are constrained to move only vertically. When a spring breaks, its equilibrium length shortens, and its stiffness k and strength F br are increased: Fig. 3b shows the macroscopic stress as a function of strain at the top of the crushable spring lattice. Qualitatively, the various serration patterns observed experimentally in Fig. 1b are recovered through the simulations, with numerous noisy stress drops at low compaction velocities, large coherent stress oscillations at intermediate compaction velocities, and an essentially smooth stress evolution with time at larger compaction velocities. There are, however, some differences. In the experiments, large serrations arise only after a certain strain level: during initial loading a real sample first suffers some grain rearrangement before sustaining significant breakage. Conversely, the lattice is inherently arranged and thus susceptible to breakage shortly after loading. In addition, the differences in the frequency of the serrations at low V are most likely due to the fact that high frequency fluctuations are filtered by the sampling rate and dynamics of the experimental measurement system (this is not the case in the simulations). These phenomenological differences at low V may result due to synchronization in spring-lattice models [27] , and would deserve further study using statistical methods developed for analyzing PLC type C serrations [28] . Note that irrespective of these differences, neither the experiments nor the simulations exhibit coherent compaction bands at low velocities. These different stress-time phenomena can be directly related to the compaction patterns that evolve through the lattices. Fig. 3c shows the spatiotemporal velocity maps that correspond to the various stress-strain curves in Fig. 3b . The large stress serrations at low V correspond to the essentially erratic compaction velocity field in Fig. 3cI , where the sample breaks at random locations over time. In contrast, the smooth stress curves observed under higher velocities correspond to a homogeneous and diffused compaction of the sample (Fig. 3cV) . Finally, the large stress oscillations at intermediate velocities are directly related to the propagation of respectively one, two or three oscillatory compaction bands, which essentially split the samples into two, three or four zones that move nearly as rigid bodies with different velocities (resp. Fig. 3cII to 3cIV) .
To quantitatively compare the simulated and experimental stress, we scale the simulated stress by the theoretical initial modulus of the lattice
The scaled stress is of the same order of magnitude as the one obtained in the experiments, showing that the simulations and the experiments can be compared meaningfully both in terms of their compaction behavior and typical pressures. The qualitative differences in the shape of the curves could be explored in the future by introducing randomness in model properties and spring hardening.
One advantage of the current crushable spring-lattice model over the experiments is that there is no randomness in material properties. We exploit this deterministic feature of the model to accurately evaluate characteristic stresses that correspond to different strain-rates; clearly, this is difficult to achieve experimentally due to inevitable initial material variability. Fig. 4 shows the characteristic stress averaged in a given strain range ∈ [0.01, 0.05], for different strain-rates and viscosities, with symbols (×, +, , * , •) that denote distinct compaction patterns. Simulations with low viscosities clearly show macroscopic strain-rate softening at intermediate strain-rates, followed by strain-rate hardening. For example, for simulations with η = 2.5 · 10 −4 , strainrate softening occurs under macroscopic strain-rates from ∼ 3 · 10 −8 to ∼ 2 · 10 −7 . Importantly, this softening is an emergent property of the model, which does not impose it at its microscale (i.e., there is only a rate independent force-displacement law for the springs and viscous hardening for the damping of the nodes). In this example of η = 2.5 · 10 −4 , the oscillatory compaction pattern appears under strain-rates that correspond to the strainrate softening regime. This relation is consistent with observations of moving PLC patterns in alloys [13, 26] .
A key question is whether such forms of material instability are always strictly linked with strain-rate softening. Indeed, we notice that macroscopic strain-rate softening vanishes for viscosities higher than ∼ 0.001; yet, the full range of instability patterns is still realized. Specifically, the five simulations I-V in Fig. 3 for η = 0.002 are presented in Fig. 4 , where the scaled stress always hardens with strain-rate. We note that the instability patterns that occur during rate-hardening, as shown in simulations II, III, and IV, exhibit serrations that resemble both type A and type B PLC serrations, as well as the serrations observed during the intermediate velocity experiments (V = 0.4 to 10 mm.s −1 ). This conclusionThe finding of instabilities during rate-hardening is confirmed in Supplementary Material to be independent on the way the model dissipates energy, by replacing the dashpots at the mass nodes with Kelvin-Voigt's spring-dashpots between neighboring nodes. The implications of these two counter examples is that strain-rate softening should not be taken as a necessary condition for such material instabilities. Besides breakage, additional processes such as inter-granular adhesion may also be relevant. Granular breakage, however, controls the compression dynamics of brittle puffed rice packs.
In summary, using new experiments and model simulations we discussed the links between propagating instabilities in brittle porous media and strain-rate softening. Experimentally, we revealed both strain-rate softening and propagating compaction bands in compacted puffed rice. Numerically, using a simple crushable spring-lattice model, we were then able to reproduce this phenomenon of macroscopic strain-rate softening without imposing strain-rate softening ad hoc at the lower scales. Furthermore, we also show that all the compaction pattern types can emerge without any strain-rate softening. This latter example has implications beyond modeling brittle porous media, and challenges the imposition of strain-rate softening to explain material instabilities, for example, the
